
Brain and Behavior. 2020;10:e01767.	 		 	 | 	1 of 10
https://doi.org/10.1002/brb3.1767

wileyonlinelibrary.com/journal/brb3

1  | INTRODUC TION

The central nervous system (CNS) is composed of interacting com-
partments, including neurons, glia, vasculature, and cerebral spi-
nal fluid. The extracellular matrix (ECM) links these compartments 

together through ligand–receptor interactions including integrins, 
cell adhesion molecules, and cell-surface glycoproteins. The ECM 
constitutes approximately 20% of the mature brain volume and is 
comprised of an intricate interconnected matrix of a variety of gly-
coproteins, proteoglycans, and glycosaminoglycans that stabilize 
connections between and among CNS compartments (Nicholson & 
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Abstract
Introduction: The extracellular matrix (ECM) provides structural support for neu-
ronal, glial, and vascular components of the brain, and regulates intercellular signaling 
required for cellular morphogenesis, differentiation and homeostasis. We hypoth-
esize that the pathophysiology of diffuse brain injury impacts the ECM in a multi-
dimensional way across brain regions and over time, which could facilitate damage 
and repair processes.
Methods: Experimental diffuse TBI was induced in male Sprague-Dawley rats (325–
375 g) by midline fluid percussion injury (FPI); uninjured sham rats serve as controls. 
Tissue from the cortex, thalamus, and hippocampus was collected at 15 min, 1, 2, 6, 
and 18 hr postinjury as well as 1, 3, 7, and 14 days postinjury. All samples were quan-
tified by Western blot for glycoproteins: fibronectin, laminin, reelin, and tenascin-C. 
Band intensities were normalized to sham and relative to β-actin.
Results: In the cortex, fibronectin decreased significantly at 15 min, 1 hr, and 2 hr 
postinjury, while tenascin-C decreased significantly at 7 and 14 days postinjury. In 
the thalamus, reelin decreased significantly at 2 hr, 3 and 14 days postinjury. In the 
hippocampus, tenascin-C increased significantly at 15 min and 7 days postinjury.
Conclusion: Acute changes in the levels of these glycoproteins suggest involvement 
in circuit dismantling, whereas postacute levels may indicate a restorative or regen-
erative response associated with recovery from TBI.
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Sykova, 1998). The ECM, as with its interconnections to other CNS 
compartments, is likely susceptible to the direct mechanical forces 
of traumatic brain injury (TBI).

In TBI, mechanical forces are applied to the CNS, disrupting the 
patency of CNS compartments and possibly the integrity of the 
ECM (George & Geller, 2018). Primary injury is the direct mechan-
ical force to the CNS resulting in tissue damage or destruction, im-
paired cerebral blood flow, and derailment of cerebral metabolism 
(Werner & Engelhard, 2007), which can compromise directly the 
structural integrity of the ECM. Subsequent secondary injury pro-
cesses include free radical damage, protease activation, and cata-
bolic processes, including break down of the blood–brain barrier and 
other cellular structures, which may or may not lead to cell death 
(Werner & Engelhard, 2007). Protease activation can lead to enzy-
matic degradation of ECM molecules. In this situation, mechanical, 
pathological, and enzyme activation of ECM molecules could reliably 
represent the timing and severity of brain injury, if not also relate to 
longer-term outcome.

Significant alterations in ECM have been reported in neurode-
generative disease, such as Alzheimer's and Parkinson's Disease 
(Bonneh-Barkay & Wiley, 2009; Lu, Takai, Weaver, & Werb, 2011), 
indicating that the ECM may be involved in the progression of brain 
injury pathology. It was thought, for example, that senile plaques 
(SPs) and neurofibrillary tangles (NFTs) were the hallmark pathophys-
iology of Alzheimer's Disease (AD) (Bonneh-Barkay & Wiley, 2009). 
In recent years, ECM components, such as proteoglycans CSPG 
and HSPG (glypican, syndecans 1–3, and agrin), have been impli-
cated in the early neurodegenerative process (Bonneh-Barkay & 
Wiley, 2009). The abundance and early presentation of aberrant 
ECM in AD support the hypothesis that ECM may be indicative of 
disease and a viable source of biomarkers in the early pathology of 
brain injury as well.

A subset of glycoproteins represents the complexity of the ECM 
with respect to TBI vulnerability, including fibronectin, laminin, 
reelin, and tenascin-C.

Fibronectin and laminin are involved in cell adhesion, growth, 
migration, and differentiation. A focal cortical impact experimen-
tal model of TBI increased fibronectin and laminin reactivity in the 
injury penumbra up to 14 days postinjury compared to uninjured 
controls (Tate, Tate, & LaPlaca, 2007). Further, macrophages and 
activated microglia were present predominantly in fibronectin rich 
tissue, suggesting that fibronectin plays a role in facilitating debris 
clearing (Tate, Tate, et al., 2007). Furthermore, reactive astrocyte 
processes were found sheathing laminin-positive vasculature, sug-
gesting that laminin might play a role in repairing the blood–brain 
barrier (Tate, Tate, et al., 2007). Thus, fibronectin and laminin may 
play a role in brain injury repair.

Reelin is an extracellular matrix glycoprotein that plays a role in 
neuronal migration and positioning during early brain development. 
In the adult brain, it modulates synaptic plasticity. The ApoE recep-
tors to which reelin binds have been indirectly implicated in mem-
ory and neurodegenerative disorders because their ligand, ApoE, is 
genetically associated with Alzheimer disease (D'Arcangelo, 2005). 

Thus, reelin may play a role in the progression of brain injury 
pathology.

In the developing central nervous system, tenascin-C is involved 
in regulating the proliferation of both oligodendrocyte precursor 
cells and astrocytes (Holley, Gveric, Whatmore, & Gutowski, 2005). 
Expression of tenascin-C by radial glia precedes the onset of gliogen-
esis and then drives differentiation of astrocytes (Holley et al., 2005). 
In the adult brain, tenascin-C expression is down-regulated except 
for the areas that maintain neurogenesis into adulthood and the 
hypothalamus (Holley et al., 2005). In vitro, tenascin-C induces a 
quiescent phenotype in human astrocytes, such that therapeutic 
strategies to increase tenascin-C may reduce astrocytic scarring 
(Holley et al., 2005). Thus, tenascin-C may serve as a reporter of 
pathological tissue in the adult brain.

Here, we hypothesize that the pathophysiology of diffuse brain 
injury impacts the ECM in a multi-dimensional way across brain re-
gions and over time, which could facilitate damage and repair pro-
cesses. Using the midline fluid percussion injury model to induce 
injury, we collected tissue over the time course from 1 hr to 14 days 
in order to span the initial injury, to circuit dismantling, and the repair 
of the tissue (Lifshitz et al., 2016). Using Western blots, we quanti-
fied the protein levels of fibronectin, laminin, reelin, and tenascin-C 
in comparison with uninjured sham values. Primarily, we found that 
the ECM is susceptible to diffuse TBI.

2  | METHODS

2.1 | Midline fluid percussion brain injury

Adult male Sprague-Dawley rats (355 ± 15 g) were subjected to mid-
line fluid percussion injury (FPI) consistent with methods described 
previously (Hosseini & Lifshitz, 2009; Lifshitz et al., 2016; Rowe, 
Griffiths, & Lifshitz, 2016). Briefly, rats were anesthetized with 5% 
isoflurane in room air and maintained at 2% via nose cone. During 
surgery, body temperature was maintained with a Deltaphase® iso-
thermal heating pad (Braintree Scientific Inc.). In a head holder as-
sembly (Kopf Instrument), a midline scalp incision exposed the skull. 
A 4.8-mm circular craniotomy was performed (centered on the sagit-
tal suture midway between bregma and lambda) without disrupting 
the underlying dura or superior sagittal sinus. An injury cap was fab-
ricated from the female portion of a Luer-Loc needle hub, which was 
cut, beveled, and scored to fit within the craniotomy. A skull screw 
was secured in a 1-mm hand-drilled hole into the right frontal bone. 
The injury hub was affixed over the craniotomy using cyanoacrylate 
gel, and methyl-methacrylate (Hygenic Corp.) was applied around 
the injury hub and screw. The incision was sutured at the anterior 
and posterior edges, and topical Lidocaine ointment was applied. 
Animals were returned to a warmed holding cage and monitored 
until ambulatory (approximately 60–90 min).

For injury induction, animals were re-anesthetized with 5% iso-
flurane at least 60–90 min after surgery. The dura was inspected 
through the injury-hub assembly, which was then filled with normal 
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saline and attached to the male end of the fluid percussion de-
vice (Custom Design and Fabrication, Virginia Commonwealth 
University). Animals were randomly assigned to receive a mild 
to moderate brain injury (n = 84; 1.79 ± 0.05 atm) or sham injury 
(n = 12) was administered by releasing (or not releasing) the pen-
dulum onto the fluid-filled cylinder, as reflexive responses returned. 
Animals were monitored for the presence of a forearm fencing re-
sponse and the return of the righting reflex as indicators of injury 
severity (Hosseini & Lifshitz, 2009). After injury, the injury-hub as-
sembly was removed en bloc, integrity of the dura was observed, 
bleeding was controlled with Gelfoam (Pharmacia), and the incision 
was stapled. Brain-injured animals had righting reflex recovery 
times averaging 6:16 ± 0:14 min, and sham-injured animals recov-
ered within 15 s. After recovery of the righting reflex, animals were 
placed in a warmed holding cage before being returned to the hous-
ing room. Experiments were conducted in accordance with NIH and 
institutional guidelines concerning the care and use of laboratory 
animals. Adequate measures were taken to minimize pain or dis-
comfort. In the conduct of this study, four rats died from pulmonary 
edema prior to their predetermined endpoint. Final animal numbers 
are n = 8 for each brain injury time point and n = 6 for sham animals 
at 1 and 7 days postsurgery.

2.2 | Tissue collection and processing

At predetermined time points, each animal was given a lethal dose 
of sodium pentobarbital 200 mg/kg (Euthasol®, i.p.). Animals were 
transcardially perfused with ice-cold phosphate-buffered saline 
(PBS) for 1–2 min. The brain was rapidly removed and rinsed with 
ice-cold PBS. Bilateral tissue biopsies (2 mm diameter) from the pri-
mary somatosensory barrel cortex (S1BF), ventral posterior medial 
(VPM) nucleus of the thalamus, and hippocampus were collected 
from 2 mm thick coronal sections off a chilled rat brain matrix. Tissue 
samples were flash-frozen and stored at 221280°C until protein was 
extracted for Western blot analysis.

Total protein was extracted from S1BF, VPM, and hippocam-
pus biopsies. Tissues were homogenized in 250 μl of ice-cold ex-
traction buffer (pH 8.0) containing 0.24 M Tris, 0.74 M NaCl, 100 μl 
TritonX100 with a protease inhibitor cocktail (complete, Roche 
Diagnostics; #11836153001). Tissue biopsies were homogenized 
with the Precellys®24 machine (Bertin Technologies) for 2 × 20 s. 
Samples were then centrifuged at 3,000 g for 15 min and the su-
pernatant collected for analysis. Protein concentrations were deter-
mined using the bicinchoninic acid assay (BCA) using manufacturer's 
instructions (Pierce).

2.3 | Western blots

NuPAGE® LDS Sample Buffer (4X; Life Technologies; NP0007) and 
NuPAGE® Sample Reducing Agent (10X; Life Technologies; NP0004) 
were added to the protein samples and then boiled for 10 min at 

70°C. Protein extracts (20 μg) were then electrophoresed in a 3%–8% 
Tris-Acetate Midi gel (Life Technologies; WG1603BOX) and trans-
ferred to nitrocellulose membranes with iBlot® Transfer Stack (Life 
Technologies; IB3010-01) using iBlot® Blotting System (Invitrogen) 
for 9:30 min. Blots were blocked in 1x PBS with 3% milk and 0.1% 
Tween-20 buffer for 1 hr at room temperature. Blots were incubated 
with primary antibodies to fibronectin (abcam, AB2413, 1:1,000), pan 
laminin (Sigma-Aldrich, L9393, 1:1,000), reelin (Millipore, MAB5364, 
1:500), or tenascin-C (abcam, ab108930, 1:500) overnight at 4°C. 
After rinsing the blot 3 times with 1X PBS + 0.1% Tween20 over 
30 min, blots were incubated with secondary antibody (LiCor® 
IRDye, 1:5,000–1:10,000) for 1 hr. Blots were washed three times 
with 1X PBS + 0.1% Tween20 over 30 min. Bands were visualized 
using the LiCor® ODYSSEY® Classic and analyzed by Image Studio™ 
4.0 software (LiCor). As a loading control, β-actin (Sigma-Aldrich, 
A5441, 1:15,000) protein levels were measured. Samples were ran-
domized and run in triplicate. Sham samples were used as loading 
controls and run on all gels. Samples were excluded if they were >2.5 
standard deviations from the mean. Densitometry was determined 
for fibronectin, laminin, reelin, or tenascin-C band intensity relative 
to β-actin expression; cleavage products were quantified for reelin 
and tenascin-C. Anti-Fibronectin antibody (ab2413) detects a single 
band with a predicted molecular weight of 262 kDa and an observed 
molecular weight of 285 kDa by ABCAM. We observed and ana-
lyzed a single band at 270 kDa, similar to ABCAM and other users. 
Laminin is comprised of three chains, designated A (molecular weight 
400 kDa), B1 (molecular weight 210 kDa), and B2 (molecular weight 
200 kDa) (Kleinman, Luckenbill-Edds, Cannon, & Sephel, 1987). We 
observed and analyzed a single band at 415 kDa. Reelin (MAB5364) 
has a predicted molecular weight of ~388 kDa. We observed and 
analyzed multiple reelin bands at 210, 290, and 415 kDa. Tenascin-C 
is a large extracellular matrix molecule comprised of individual poly-
peptides with molecular weights ranging from ~180 to ~300 kDa 
(Jones	&	Jones,	2000a,	2000b).	We	observed	and	analyzed	multiple	
bands for tenascin-c at 250 and 290 kDa. β-actin (A5441) has a pre-
dicticted molecular weight of 42 kDa. We observed and analyzed a 
single band at 45 kDa. Replicates of the protein of interest to β-actin 
levels were averaged to obtain the expression per animal per region; 
individual animal values were averaged within a group.

A graphical representation of the study design accounting for 
the pertinent independent and dependent variables is presented in 
Figure 1.

2.4 | Statistical analysis

A range of injury pressures (1.03–2.93 atm) were included in the 
study to better represent the heterogeneity of injury severity re-
ported in the clinic. We did not observe an effect of injury pres-
sure in any outcome and elected not to stratify the injury group by 
injury severity. Heat maps were generated to aid in the graphical 
visualization and identification of regional and temporal changes 
in protein levels. S1BF, VPM, and hippocampus heat maps were 
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generated from statistical results comparing protein expression 
against the normalized uninjured sham value of 1.0, relative to 
β-actin expression. Optical densities of bands at indicated molecu-
lar weights (kDa) were divided by β-actin expression and normal-
ized to the mean expression for uninjured sham. For expression 
levels >2.0 or <0.5, a one tailed t test was run against the pre-
dicted value of 1.0. Adjusted p-values for the nine comparisons 
over time postinjury are plotted against color scale indicating the 
degree of significance (p value), where green indicates increased 
expression and red indicates decreased expression compared to 
sham. The heat map visualization identified significant changes 
within regions and time points in protein levels. The identified re-
gions and time points were regraphed. Significant changes in pro-
tein levels are indicated on the graphs, even if they did not meet 
the initial criteria >2.0 or <0.5 threshold of detection for the heat 

map. Full Western blots are shown in Figure S1 for each antibody 
at representative time points postinjury.

3  | RESULTS

3.1 | Heat maps identify significant differences in 
ECM molecules over time postinjury across brain 
regions

Heat maps were developed to visualize data for initial analysis of 
trends over time and between ECM molecules (Figure 2). For S1BF, 
with the exception of laminin, ECM molecules decreased at acute (fi-
bronectin) and chronic (reelin and tenascin-C) time points postinjury. 
Fibronectin was decreased 52% at 15 min (t(8) = 3.59, p < .0056), 

F I G U R E  1   (a) Tabular depiction of 
the study design, including injury mode, 
time points postinjury, brain regions, 
extracellular matrix antibodies, and the 
bands of interest for quantification. 
Uninjured sham and β-actin are colored to 
indicate their role as a control. (b) Scatter 
plot of injury force (atm) from the fluid 
percussion injury (FPI) device versus the 
righting reflex physiological measure of 
injury severity (min:s). The graph conveys 
the range of injury forces included in the 
study, which is heterogeneous as in the 
clinic

(a)

(b)
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decreased 54% at 1 hr (t(8) = 8.73, p < .0001), and decreased 57% at 
2 hr (t(8) = 7.29, p < .0001) postinjury. Laminin was increased 414% 
7 days (t(8) = 6.70, p < .0011) postinjury. The 290 kDa reelin band 
was decreased 53% at 7 days (t(7) = 7.94, p < .0001) postinjury. The 
290 kDa tenascin-C band was decreased 60% 1 day (t(8) = 5.11, 
p < .0011) postinjury. The 250 kDa tenascin-C band was decreased 
89% at 7 days (t(8) = 95.85, p < .0001) and decreased 69% at 14 days 
(t(5) = 6.99, p < .0011) postinjury. The heat map did not identify any 
significant changes in the S1BF for the 415 kDa or 210 kDa reelin 
bands.

For VPM, reelin breakdown products decrease at acute and 
chronic time points postinjury, while tenascin-C product may 
have a biphasic response. Laminin was increased 239% at 14 days 
(t(7) = 6.08, p < .0011) postinjury. The 415 kDa reelin band was 
decreased 61% at 3 days (t(6) = 4.78, p < .0056) postinjury. The 
290 kDa reelin band was decreased 61% at 2 hr (t(8) = 14.93, 
p < .0001) postinjury. The 210 kDa reelin band was decreased 53% 
at 2 hr (t(8) = 13.65, p < .0001), decreased 51% at 3 days (t(8) = 8.92, 
p < .0001) and decreased 52% at 14 days (t(7) = 10.62, p < .0001) 
postinjury. The 290 kDa tenascin-C band was increased 210% at 
1 hr (t(8) = 4.10, p < .0056) postinjury. The 250 kDa tenascin-C 
band was increased 233% at 1 hr (t(8) = 6.15, p < .0011), decreased 
67% at 1 day (t(8) = 8.79, p < .0001), and increased 252% at 14 days 
(t(7) = 3.84, p < .0056) postinjury. No significant changes were iden-
tified in the VPM for fibronectin.

For hippocampus, ECM molecules were increased, except for 
reelin. Fibronectin was increased 281% at 3 days (t(8) = 2.53, 
p < .0011) postinjury. Laminin was increased 208% at 7 days 
(t(8) = 3.78, p < .0056) postinjury. The 290 kDa tenascin-C band 
was increased 202% at 15 min (t(8) = 5.00, p < .0011) and in-
creased 237% at 7 days (t(8) = 5.66, p < .0011) postinjury. The 
heat map did not reveal any significant changes in the hippocam-
pus for the 415, 290, or 290 kDa reelin bands or the 250 kDa te-
nascin-C band.

3.2 | Temporal expression profiles of 
ECM molecules

Based on trends revealed by the heat maps, specific temporal ex-
pression profiles were extracted for detailed analysis (Figure 3). The 
temporal profile in the S1BF revealed significant changes in fibronec-
tin compared to sham (Figure 3a). Fibronectin was decreased 52% at 
15 min (t(8) = 3.59, p < .0056), decreased 54% at 1 hr (t(8) = 8.73, 
p < .0001) and 57% at 2 hr (t(8) = 7.29, p < .0001) postinjury com-
pared to sham. Fibronectin returned to sham values by 18 hr postin-
jury. Fibronectin was increased 178% at 1 day (t(8) = 4.50, p < .0056) 
and increased 182% at 3 days (t(8) = 4.52, p < .0056) postinjury com-
pared to sham. The increase in fibronectin at 1 and 3 days postinjury 
was not highlighted by the heat map because the change was below 
the 200% threshold of detection. Fibronectin returned to sham val-
ues by 14 days postinjury. Overall, fibronectin was decrease initially 
after injury before a sustained increase in S1BF from 1 to 3 days 
postinjury.

The temporal profile in the S1BF revealed significant changes to 
the 250 kDa tenascin-C band compared to sham (Figure 3b). For the 
first hours postinjury, tenascin-C does not differ from sham values. 
Tenascin-C was increased 189% (below the heat map threshold) at 
2 hr (t(8) = 11.2, p < .0001) postinjury compared to sham. Tenascin-C 
returned to sham values by 18 hr postinjury. The 250 kDa tenascin-C 
band was decreased 89% at 7 days (t(8) = 95.85, p < .0001) and 
decreased 69% at 14 days (t(5) = 6.99, p < .0011) postinjury com-
pared to sham. Overall, tenascin-C has an acute increase followed by 
a chronic decrease postinjury compared to sham.

The temporal profile in the VPM revealed significant changes to 
the 210 kDa reelin band compared to sham (Figure 3c). Reelin was 
decreased to 53% of sham values over the first 2 hr (t(8) = 13.65, 
p < .0001) postinjury compared to sham. Reelin returned to sham 
values by 6 hr postinjury. Reelin was decreased 47% at 1 day 
(t(8) = 5.13, p < .0011), decreased 51% at 3 days (t(8) = 2.25, 

F I G U R E  2   Primary somatosensory barrel field (S1BF), ventral posterior medial (VPM) nucleus of the thalamus, and hippocampus (Hipp) 
heat maps were generated from statistical results comparing protein expression against a normalized uninjured sham value of 1.0, relative to 
β-actin expression. Optical densities of bands at indicated molecular weights (kDa) were divided by β-actin expression and normalized to the 
mean expression in uninjured sham. When expression levels were > 2.0 or < 0.5, a one tailed t test was run against the predicted value of 
1.0. Adjusted p-values for the nine comparisons over time postinjury are plotted against colors indicating the degree of significance, where 
green indicates increased expression and red indicates decreased expression compared to sham
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p < .0001), decreased 37% at 7 days (t(6) = 4.60, p < .0056) and 52% 
at 14 days (t(7) = 2.05, p < .0001) postinjury compared to sham. The 
decrease in reelin was highlighted by the heat map at 3 days and 
14 days postinjury, but not at 1 day and 7 days postinjury because 
the change was below the 50% threshold of detection. Overall, the 
210 kDa reelin band is decreased after TBI compared to sham.

The temporal profile in the VPM revealed significant changes 
to the 250 kDa band of tenascin-C compared to sham (Figure 3d). 
Tenascin-C was increased 233% over the first hour (t(8) = 6.15, 
p < .0011) postinjury compared to sham. Tenascin-C returned to 
sham values 6 hr postinjury. Tenascin-C was decreased 67% at 1 day 
(t(8) = 8.79, p < .0001) postinjury compared to sham. Tenascin-C 

returned to sham values by 3 days postinjury. Tenascin-C was in-
creased 252% at 14 days (t(7) = 3.84, p < .0056) postinjury com-
pared to sham. Overall, tenascin-C has a biphasic response, with an 
early and late increases over sham values after TBI.

3.3 | Regional expression profiles of ECM molecules

Based on trends revealed by the heat maps, specific regional ex-
pression profiles for all ECM molecules were extracted for de-
tailed analysis (Figure 4). The regional profile for the S1BF at 7 days 
postinjury revealed significant changes in laminin, reelin, and 

F I G U R E  3   Complete temporal profiles for four combinations of brain region and protein bands identified in the heat maps. (a, b) Primary 
somatosensory barrel field (S1BF) showed an early reduction in fibronectin (270 kDa) and late reduction in tenascin-C (250 kDa) expression 
compared to normalized sham value of 1.0 (horizontal dashed line). (c, d) Ventral posterior medial (VPM) nucleus of the thalamus showed 
sustained reduction in reelin (210 kDa) and bimodal increased expression in tenascin-C (250 kDa), with a decreased expression at 1 day 
postinjury. No additional analysis was conducted for the hippocampus. *, p value as indicated in Figure 2, compared to normalized sham 
value

(a) (b)

(c) (d)
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tenascin-C compared to sham (Figure 4a). Laminin was increased 
314% (t(8) = 6.70, p < .0001), the 290 kDa reelin band was decreased 
53% (t(7) = 7.94, p < .0001), and the 250 kDa tenascin-C band was 
decreased 89% (t(8) = 95.85, p < .0001) compared to sham. Overall, 
the ~ fourfold increase in laminin is the largest significant result.

The regional profile for the VPM at 1 hr postinjury revealed 
significant changes to tenascin-C compared to sham (Figure 4b). 
The 290 kDa tenascin-C band was increased 210% (t(8) = 4.10, 
p < .0056), and the 250 kDa tenascin-C band was increased 233% 
(t(8) = 6.15, p < .0011) compared to sham.

The regional profile for the VPM at 2 hr postinjury revealed sig-
nificant changes to reelin compared to sham (Figure 4c). The 290 kDa 
reelin band was decreased 61% (t(8) = 14.93, p < .0001), and the 
210 kDa reelin band was decreased 53% (t(8) = 13.65, p < .0001) 
compared to sham.

The regional profile for the VPM at 14 days postinjury revealed 
significant changes to laminin, reelin, and tenascin-C compared to 
sham (Figure 4d). The laminin band was increased 239% (t(7) = 6.08, 
p < .0011), the 210 kDa reelin band was decreased 52% (t(7) = 10.62, 
p < .0001), and the 250 kDa tenascin-C band was increased 252% 
(t(7) = 3.84, p < .0056) compared to sham.

4  | DISCUSSION

The ECM is a component of the neurovascular unit that provides 
structural support for neuronal, glial, and vascular components of 

the brain, while regulating intercellular signaling required for cel-
lular morphogenesis, differentiation, and homeostasis (George & 
Geller, 2018). The ECM is remodeled constantly during normal brain 
function, and amplified in recovery, repair, and regeneration of the 
damaged central nervous system. In the context of TBI, mechani-
cal forces of injury and enzymatic activity can target the ECM to 
aid or hinder both injury and repair processes (Bonneh-Barkay & 
Wiley, 2009). Here, the results indicate that cortex, thalamus, and 
hippocampus are vulnerable to experimental diffuse TBI with re-
gard to the temporal expression of ECM molecules. In the cortex, 
fibronectin was decreased significantly at 15 min, 1 and 2 hr postin-
jury, while tenascin-C was decreased significantly at 7 and 14 days 
postinjury. In the thalamus, reelin was decreased significantly at 2 hr, 
3 and 14 days postinjury. In the hippocampus, tenascin-C was in-
creased significantly at 15 min and 7 days postinjury. These results 
indicate that the ECM is dynamically remodeled during the patho-
physiology of diffuse TBI, whereby changes in these glycoprotein 
levels at acute time points may represent circuit dismantling, and 
then circuit reorganization at chronic time points.

Fibronectin is an ECM molecule that is found in high concen-
trations during development, but is largely absent in healthy adult 
brain tissue (Tate, Garcia, Garcia, & LaPlaca, 2007). Fibronectin 
can be either a soluble form produced by hepatocytes or an insol-
uble form produced locally by a variety of cells. Soluble fibronectin 
may act as an opsonin, helping macrophages identify and remove 
dead tissue and cellular debris (Lu et al., 2011; Tate, Garcia, et al., 
2007). Insoluble fibronectin is an ECM molecule associated with 

F I G U R E  4   Complete spatial profiles 
for four combinations of brain region and 
time point identified by the heat maps. 
(a) Primary somatosensory barrel field 
(S1BF) at 7 days postinjury showed an 
early increase in laminin and reductions in 
reelin (290 kDa) and tenascin-C (250 kDa) 
expression compared to normalized sham 
value of 1.0 (horizontal dashed line). (b) 
Ventral posterior medial (VPM) nucleus 
of the thalamus at 1 hr postinjury showed 
increased expression of both tenascin-C 
bands. (c) VPM at 2 hr postinjury 
showed a reduction in expression of 
both reelin bands. (d) VPM at 14 days 
postinjury showed increased expression 
of laminin and tenascin-C (250 kDa), 
with a reduction in reelin (210 kDa). No 
additional analysis was conducted for the 
hippocampus. *, p value as indicated in 
Figure 2, compared to normalized sham 
value

(a)

(c)

(b)

(d)
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cellular adhesion, spreading, proliferation, and migration (To & 
Midwood, 2011). Brain injury increases fibronectin levels, predom-
inantly the soluble form (Tate, Garcia, et al., 2007). Over two hours 
after diffuse TBI, fibronectin levels decreased in the S1BF cortex, 
and then a sustained increase over 3 days postinjury. The acute de-
crease in fibronectin observed in the cortex may represent clearance 
of fibronectin-coated debris by macrophages, including fibronectin 
protein, from regions of mechanical impact. The sustained increase 
in fibronectin may represent plasma fibronectin leakage into the pa-
renchyma through a compromised blood–brain barrier. One may pro-
pose that fibronectin levels are re-established once the blood–brain 
barrier seals several days postinjury (Schmidt & Grady, 1993). The 
delayed significant increases in cortex and hippocampus fibronectin 
may represent protracted pathophysiology and repair. In the chronic 
phase of repair, ECM may need to be dissolved by matrix metallopro-
teinases to facilitate neuronal outgrowth as part of regeneration and 
repair (Abdul-Muneer, Pfister, Haorah, & Chandra, 2016).

Laminin is a major component of the basal lamina and regulates 
cell adhesion, migration, differentiation, and proliferation (Hamill, 
Kligys,	Hopkinson,	&	 Jones,	 2009).	Beyond	 a	potential	 role	 in	 de-
bris clearance, laminin could repair the blood–brain barrier by way 
of basal lamina and astrocyte associations (George & Geller, 2018). 
Laminin levels were increased in a delayed manner (7 or 14 days 
postinjury) across all three brain regions, which suggest a role in re-
pair and restoration of the injured brain, possibly at the interface of 
the blood–brain barrier.

Reelin is a key factor in the regulation of neuronal migration and 
layer formation in the developing brain. Reelin regulates cell growth, 
maturation, and synaptic activity in the adult brain (Gabriella 
D'Arcangelo, 2014). Reelin interacts with two receptors to regu-
late synaptic plasticity, apolipoprotein E receptor 2 (ApoER2) and 
very-low-density-lipoprotein receptor (VLDLR). ApoER2 is import-
ant for proper migration of neurons, while VLDLR may act as a stop 
signal for migrating neurons (Hack et al., 2007). Reelin decreased 
after TBI in the cortex and thalamus. The absence of reelin opens the 
window for thrombospondin-1 to interact with VLDLR and ApoER2 
(Blake et al., 2008). Thrombospondin activates the α2δ-1 subunit on 
voltage-gated calcium channels to promote synaptogenesis (Risher 
& Eroglu, 2012). Work in our laboratory continues to evaluate 
thrombospondin mediated plasticity after TBI, showing increases 
by three days after fluid percussion injury in the rat followed by an 
increase in synaptic markers (GAP43 and PICK-1) (Ogle et al., 2016). 
Decreased reelin expression levels after TBI may promote plasticity 
through thrombospondin interactions with VLDLR and ApoER2.

Tenascin-C plays a role in the migration of immature neurons, 
with trophic and repulsive properties. Expression is highest during 
embryonic development, tissue repair, and in conditions of chronic 
inflammation (Midwood & Orend, 2009). In adulthood, tenascin-C 
is likely down-regulated, except in areas that maintain neurogene-
sis throughout life, such as the hippocampus (Holley et al., 2005). 
The genetic knock-down of tenascin-C showed its importance in 
the formation of contextual memories and synaptic plasticity in the 
hippocampus (Strekalova et al., 2002). We interpret the increase in 

hippocampal tenascin-C at 7 days postinjury to reinforce the frame-
work of circuit reorganization. Alternatively, tenascin-C can im-
pede terminal sprouting and act as a stop signal for injury-induced 
plasticity	 (Niquet,	 Jorquera,	 Faissner,	 Ben-Ari,	 &	 Represa,	 1995),	
whereby aberrant plasticity would be regulated in the recovery of 
the injured brain (Thomas, Hinzman, Gerhardt, & Lifshitz, 2012).

Part of TBI pathophysiology is inflammation, protease acti-
vation, and ECM degradation, which together define the injured 
brain. Protease activation includes calpains, caspases, and matrix 
metalloproteinases (MMP), which can go on to degrade the ECM 
(Knoblach & Faden, 2005). Calpains and caspases may interact with 
laminin, contributing to breakdown of the blood–brain barrier (BBB) 
(Knoblach & Faden, 2005). MMP-9 can digest the fibronectin and 
laminin proteins in the vascular basal lamina. In this way, protease 
activity after TBI can disrupt the BBB and promote vasogenic edema 
(Wang et al., 2000). Protease inhibitors have been used to reduce 
or prevent disruption of the BBB after TBI, which preserved BBB 
integrity at least temporarily (Knoblach & Faden, 2005). Therefore, 
the ECM represents a downstream target of pathophysiological pro-
cesses that may contribute to degeneration or restoration of the in-
jured brain.

Experimental models of TBI do not replicate the human condi-
tion perfectly, whereby models represent a fraction of the heteroge-
neous clinical conditions. Yet, these results extend the investigations 
on the response of the extracellular matrix to diffuse brain injury in 
the cortex, thalamus, and hippocampus. In the progression of TBI 
from the initiating event into the disease process, affected brain 
regions necessarily undergo pathology, degeneration, repair, and 
regeneration (Lifshitz et al., 2016). In this progression, neural cir-
cuits are dismantled, followed by circuit reorganization. In the acute 
phase, cellular debris accumulates, including components of the 
ECM. In the latter phases, new or existing cells (neurons and glia) 
need to repair or rebuild the damaged or missing circuits. And so, the 
ECM either hinders or promotes repair and regeneration, depending 
on the spatial–temporal expression profile of ECM molecules. If the 
ECM remains unaffected by injury, then regenerating neurons must 
grow through a mature brain; if the ECM is proteolytically processed 
to expose cryptic sites, then neurites extend through a debris field 
of attractive and repulsive epitopes; if the ECM is remodeled prior to 
neural regeneration, perhaps the conditions are optimal for repair of 
the injured nervous system.

If ECM protein levels are markedly elevated after brain injury, 
with the ECM as a critical component of the basal lamina of the 
blood–brain barrier, then the potential exists for ECM molecules to 
leak into systemic circulation. As a potential TBI biomarker (Mondello 
et al., 2011), peripheral ECM molecules could inform TBI severity 
or predict functional outcome. To date, accepted biomarkers orig-
inate intracellularly from glia or neurons. For example, S100β is a 
calcium-binding protein found in astrocytes (Unden, Ingebrigtsen, & 
Romner, 2013) and neuron-specific enolase is a glycolytic enzyme in 
the neuronal cytoplasm (Di Battista, Rhind, & Baker, 2013). To reach 
peripheral circulation, intracellular proteins must traverse the cell 
membrane, the ECM, and then the blood–brain barrier. On the other 
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hand, ECM molecules may be cleared more readily into peripheral 
circulation. Further investigation into ECM fragment levels in sys-
temic circulation is encouraged. Although blood was collected in the 
present study, technical challenges with Western blots or absence 
of meaningful change precluded presentation (data not shown). Yet, 
the high abundance of ECM proteins in all organs encourage future 
investigation into a brain-specific cleavage sites of ECM molecules 
as a TBI biomarker.

Limitations of this study include the selected model, gross dissec-
tion of brain regions, and the focus on a subset of all ECM molecules. 
In the diffuse TBI model, the absence of frank tissue degeneration 
and restricted blood–brain barrier permeability may have tempered 
the magnitude or duration of ECM molecule expression (Bharadwaj, 
Lifshitz, Adelson, Kodibagkar, & Stabenfeldt, 2016; Bharadwaj 
et al., 2018). A focal brain injury, such as controlled cortical impact, 
may demonstrate an alternate utility of ECM molecules as biomarkers 
or targets after TBI. Also, tissues were collected from cortical and sub-
cortical brain regions, but not separated by parenchyma, vasculature, 
or blood–brain barrier, which could distinguish specific compartments 
where ECM molecule expression contributes to the pathophysiology 
and recovery from TBI. Last, the Western blot approach to quantify 
ECM molecule expression suffers a selection bias of the ECM mol-
ecules of interest due to finite sample sizes; untargeted proteomics 
may provide a broader assessment of the ECM response to TBI.

5  | CONCLUSION

In this study, we found that the protein levels of fibronectin, laminin, 
reelin, and tenascin-C are altered over an acute (15 min) to chronic 
(14 days) timeframe that involves circuit dismantling and reorganiza-
tion across the cortex, thalamus, and hippocampus. Acute changes in 
ECM proteins may represent consequences of the physical trauma to 
the brain and the associated neuroinflammation. Subacute changes 
may represent the reparative and restorative processes. We have 
shown that the ECM undergoes multi-dimensional changes fol-
lowing TBI that are likely involved in circuit dismantling and repair. 
Further investigation is needed to understand how specific ECM 
proteins and their splice variants contribute to TBI pathophysiology 
and recovery.
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